Cancers and tissue stem cells (SCs) share similar molecular pathways for their self-renewal and differentiation. The race is on to identify unique pathways to specifically target the cancer, while sparing normal SCs. Here, we uncover the transcription factor Runx1/AML1, a known haematopoietic and leukaemia factor, albeit dispensable for normal adult SC homeostasis, as being important for some mouse and human epithelial cancers. We implicate Runx1 as a SC-intrinsic gene in mouse hair follicle and oral epithelia by genetic lineage tracing in adulthood. Runx1-expressing SCs, but not other cells that ectopically upregulate Runx1 by injury and inflammation, are at the skin tumour origin. Runx1 loss impairs tumour initiation and maintenance and the growth of oral, skin, and ovarian epithelial human cancer cells. Runx1 stimulates Stat3 signalling via direct transcriptional repression of SOCS3 and SOCS4 and this is essential for cancer cell growth. Thus, Runx1 is a broader epithelial SC and cancer factor than previously recognized, and qualifies as an attractive potential target for both prevention and therapy of several epithelial cancers.
Introduction
Increasing evidence, including genetic lineage tracing, seems to support the theory that some cancers, such as skin basal and squamous cell carcinoma (SCC) (Youssef et al, 2010; Lapouge et al, 2011; White et al, 2011) , intestinal cancer, adenocarcinoma, and leukaemia originate in tissue stem cells (SCs; Visvader, 2011) . Alternatively, some cancers might arise through dedifferentiation of cells that hijack the normal SC self-renewal pathways (Visvader, 2011) . In either case, for cancer therapies to work we must identify factors that are essential for the survival and proliferation of cancer cells, yet dispensable for normal SCs. There could be selective pressure among cancer cells to preserve the genomic locus of factors essential for their own growth and survival, and thus these factors might not surface in conventional human genetic mutation screens. In fact, such factors could be difficult to identify without in depth knowledge about the genetic control of normal and cancer SCs, which are difficult to access directly in humans.
We recently identified Runx1 as a factor involved, but dispensable for mouse skin epithelial hair follicle SCs (HFSCs) proliferation in vivo (Osorio et al, 2008) . In contrast, Runx1 was strictly required for mouse skin papilloma and SCC formation and for cultured keratinocyte proliferation (Hoi et al, 2010) . This makes Runx1 an attractive potential target for cancer that would not affect normal tissue homeostasis. However, the significance of our mouse finding to human cancer biology remained unclear. Human skin SCC is the second most common cancer after skin basal cell carcinoma (BCC), with B0.8 million new cases per year in the United States alone, of which B8% are metastatic and cannot be treated with current methods (Alam and Ratner, 2001) . Head and neck (oral) SCC are extremely invasive and currently uncurable, and have several regulatory pathways in common with skin SCC (Molinolo et al, 2009) .
Runx1 is recognized as a human leukaemia and haematopoietic stem cell factor (Mangan and Speck, 2011) , but its role in human SCC and potentially other epithelial cancers is poorly understood. Recently, Runx1 SNPs were associated with human colon and rectal cancer (Slattery et al, 2011) as well as with prostate cancer (Yeh et al, 2009; Huang et al, 2011) , and Runx1 was found expressed in endometrial and ovarian cancer (Planagumà et al, 2006 (Planagumà et al, , 2011 . Moreover, triple negative ( À Her2, À ER, À PR) human breast tumour growth in culture depends partially on Runx1 expression (Wang et al, 2011) .
This evidence began to suggest that the leukaemia factor Runx1 might be more broadly implicated in cancer than previously recognized. Here, we present a breadth of evidence that Runx1 is overexpressed in a significant fraction of human epithelial cancers, and is essential for the growth and survival of three of them: skin SCC, oral SCC, and in part for ovarian cancer. Our lineage tracing data in adult mice show for the first time by lineage tracing that Runx1 is expressed in adult HFSCs and in oral epithelium SCs. The oral epithelium SCs were previously poorly characterized. Runx1 appears essential for solid tumour initiation and maintenance by upstream stimulation of Stat3 signalling, a central cancer pathway implicated in several epithelial cancers and in leukaemia (Chan et al, 2004a, b; Yu and Jove, 2004; Aziz et al, 2007; Chan et al, 2008; Kim et al, 2009; Li et al, 2011) . Together with the notion that Runx1 is not critical for normal adult tissue function, our work places this gene as an important candidate for epithelial cancer targeting.
Results

Runx1 is overexpressed in various epithelial tumours
Previously, we found Runx1 expressed in the same pattern in normal mouse and human skin (Hoi et al, 2010) . Runx1 has a dynamic expression in the hair follicle during its homeostatic cycle (hair cycle), which consists of the morphologically distinct stages of growth and proliferation (anagen), regression (catagen), and rest (telogen) (Supplementary Figure S1 ; Tumbar, 2012) . During quiescence, Runx1 marks a subset of the hair follicle bulge and hair germ cells where the SCs reside (Osorio et al, 2008) . Moreover, Runx1 protein is detected in the bulge during anagen when HFSCs selfrenew (Osorio et al, 2008; Zhang et al, 2009) . The embryonic precursors of HFSCs express Runx1 (Osorio et al, 2011) . Lineage tracing to formally prove Runx1 expression in adult HFSCs has not yet been done, but loss of Runx1 at different stages of the hair cycle delays HFSC activation from quiescence (Osorio et al, 2008) , and slows down bulge cell proliferation during anagen (Hoi et al, 2010) . Finally, we found Runx1 expressed at high levels in mouse skin papilloma and SCC, and Runx1 deficiency impaired mouse skin tumorigenesis (Hoi et al, 2010) .
To examine the expression pattern of Runx1 in human epithelial cancers, we first surveyed the Oncomine public database, which contains microarray data comparing primary tumours and normal tissue. We found Runx1 to be overexpressed in several types of cancers in 47 studies and underexpressed in only 5 out of 138 studies analysed. The data are summarized in Figure 1A and Supplementary Table S1 . Notably, comparing tumour to normal tissue Runx1 was among the top 1% of all overexpressed genes in head and neck, and skin SCC, and was highly expressed in several other epithelial tumours such as oesophageal SCC, cervical carcinoma, and colon adenocarcinoma. Next, we verified Runx1 expression by western blot and immunofluorescence staining of a panel of human cancer cell lines from breast (MCF-7; MDA-MB-231), prostate (PC-3; DU-145), colon (HCT116; CCSC, Sikandar et al, 2010) , ovary (OVCAR-3; SKOV3), head and neck (oral) SCC (SCC66, SCC74, SCC125; White et al, 2007) , and skin SCC (SCC13; Beckett, 1980, 1981) , as well as a mouse skin SCC cell line (Pam212; Yuspa et al, 1980) . All cancer cell lines tested expressed more Runx1 relative to normal mouse keratinocytes, while we detected close to no Runx1 expression in mouse fibroblast, which served as negative control Supplementary Figure S2A and B) . Attesting to the specificity of our antibody, we detected no Runx1 signal by immunostaining of knockout (KO) mouse keratinocytes (not shown). The different cancer cell lines showed variable levels and some contained only a subfraction of Runx1-positive cells. Notably, all head and neck and skin SCC cell lines showed a consistently high level of Runx1 expression.
Finally, we checked for Runx1 expression in human primary tumours of skin cylindroma, skin SCCs, and BCCs, as well as head and neck (oral) SCCs by immunofluorescence staining. We found Runx1 expressed in a subset of tumour cells including the proliferative edge, and these cells colocalized in part with Ki67 (a proliferation marker), K15 (an HFSC marker), or K8 (a malignancy marker; Casanova et al, 2004) . The results are detailed in Table I , Figure 1E , and Supplementary Figure S2C .
The widespread expression of Runx1 in human epithelial cancers uncovered here, together with the strict requirement of Runx1 for the formation of mouse skin SCC (Hoi et al, 2010) warranted further examination of a potential role of Runx1 in human solid tumours and prompted us to delve deeper in the essentials of its mechanism. Specifically, we asked whether Runx1 expression is (a) required at the tumour initiation, promotion, or maintenance stage; (b) found in normal SCs and in cells of tumour origin; (c) ectopically raised by injury and inflammation in cells of tumour origin; (d) essential for human epithelial cancer cell growth and survival; (e) coupled with known signalling pathways of epithelial cancers.
Runx1 is required for tumour initiation but is dispensable for promotion Previously, we showed that conditional deletion of Runx1 in mouse epidermis using a constitutively active K14-Cre allele drastically reduced papilloma and skin SCC formation (Hoi et al, 2010) . If Runx1 is to be used as a cancer target, then it is important to determine the stage at which is acting in tumorigenesis (initiation, promotion, and maintenance). Thus, we deleted Runx1 by Tamoxifen (TM) injection in BL6 mice that carry the K14-CreERT2; Runx1 fl/fl alleles at three different stages of tumorigenesis induced by a 2-step carcinogenesis protocol (Figures 2A and 5A ). The KO targets the Runt domain in exon 4 rendering a null allele (Growney et al, 2005) . Four days after TM injection, Runx1 KO was efficiently induced in over 90% of all HFs ( Figure 2B ). We applied 9,10-dimethyl-1,2-benzanthracene (DMBA) to induce point mutations in the DNA at first telogen (PD21) and 12-Otetradecanoylphorbol-13-acetate (TPA) for the following 20 weeks to promote the mutation by robust proliferation of skin epithelial cells (Abel et al, 2009) . As expected, after 20 weeks of TPA treatment, there were fewer tumours in the Runx1 KO mice TM treated at PD17 relative to both control groups (TM no CreER and oil only) ( Figure 2C , top and middle; Figure 2D and G). We refer to this treatment as the initiation scheme ( Figure 2A ). Tumours that did form in the KO mice expressed Runx1 at high levels, likely from the rare cells that escaped Cre activity, developed later on and were 'young' in their development, as indicated by K10 expression (Figure 2C , middle; Supplementary Figure S2D ; Santos et al, 1997) . These data from inducible KO mice with a BL6 background were in line with our previous results obtained from mice carrying the K14-Cre allele, which were a mix of CD1 and BL6 genetic backgrounds, activated in embryogenesis (Hoi et al, 2010) .
To differentiate between a role in tumour initiation and promotion, we injected TM 2.5-3 weeks after DMBA application when HF bulge cells divided at least once having passed through a full anagen (promotion scheme; Figure 2A and B) . Surprisingly, Runx1 KO mice and control mice developed comparable numbers of tumours at a similar rate ( Figure 2C bottom; Figure 2E and G), indicating that Runx1 is dispensable for tumour promotion or growth at least in this genetic background. However, 1 month after the final TPA treatment tumour counts dropped by 53% in the Runx1 KO mice as compared to 33% in WT mice ( Figure 2E ). Importantly, the only surviving tumours were those that still expressed Runx1 due to inefficient Cre activity ( Figure 2C, bottom) .
To check the robustness of our phenotypes in a uniform genetic background highly prone to skin cancer (Abel et al, 2009) initiation ( Figure 2F ). This was true whether the Runx1 KO was induced 2 days before or 2 days after DMBA application either in telogen (PD18-20) or in anagen (PD21-23). When Runx1 was deleted 2.5 weeks after tumour initiation, 53% of tumours completely lacked Runx1 expression at week 7.5 of TPA treatment ( Figure 2H and I). This was unlike our data from the initiation scheme, when no Runx1-negative tumours could be detected. This demonstrated that past the initiation stage tumours do not strictly require Runx1 for their growth under TPA treatment and was consistent with our data from the promotion scheme in the BL6 background. Suggestively, these Runx1-negative tumours were smaller in size (Figure 2I , bottom; Supplementary Figure S2E ) and their number decreased steadily from 7.5 to 15 weeks of TPA treatment ( Figure 2H ), indicating that tumours are short lived in the absence of Runx1. Lower levels of Ki67 in these KO tumours support this loss, while apoptosis assayed by Caspase 3 staining does not seem to play a significant role ( Figure 2I ; Supplementary Figure S2F ). Co-incidentally, the cancer SCs previously defined as a population of CD34-expressing papilloma cells (Malanchi et al, 2008) , were greatly diminished in tumours that lacked Runx1 expression (Figure 2I and J; Supplementary Figure S2G ). In general, cancer SCs are thought to maintain tumours and cause their re-occurrence for extended periods of time; CD34 þ cancer SCs have been shown to initiate SCC formation upon serial transplantation for at least three generations (Malanchi et al, 2008) . Our finding suggests that Runx1 expression is important for the maintenance of the CD34 þ tumour SCs. Moreover, Runx1 is only essential for tumour growth in the absence of a proliferative agent such as TPA, which can at least temporarily overcome Runx1 loss. Overall, our experiments clearly distinguish an irreplaceable function of Runx1 in tumour initiation from a somewhat more context-dependent function in tumour promotion.
Runx1-expressing cells are HFSCs
We previously reported that Runx1 loss impaired adult HF bulge-cell proliferation (Osorio et al, 2008; Hoi et al, 2010) , but it remained unclear whether this effect is SC intrinsic or environmental, and if Runx1 is actually expressed in the adult long-term HFSCs, although we did find it expressed in the embryonic precursors of HFSC (Osorio et al, 2011) . To address this question here, we used lineage tracing involving an inducible CreER recombinase previously knocked into the Runx1 genomic locus (Samokhvalov et al, 2007) and ROSA26R (Soriano, 1999) reporter mice. We injected TM at PD17 in these mice and sacrificed them at first telogen (PD21), first anagen (PD35), and third anagen (B1-year old). In skin sections stained with X-Gal from the first telogen we observed labelling in B50% of HFs marking B5 cells per bulge ( Figure 3A -C). Later on at the first and third anagen, we found prominent trails of X-Gal þ cells in the ORS (marked by K14) and the differentiated portion of the HF co-localizing with AE13 and AE15, as well as small clones of cells in the bulge (Figure 3B , top; Figure 3C -E). These X-Gal þ cells were completely absent in mice injected with oil only ( Figure 3B , bottom). These data demonstrate for the first time by lineage tracing that original Runx1-expressing adult bulge cells are longterm self-renewing and differentiating HFSCs.
Runx1-expressing HFSCs are at the origin of skin tumours
Since Runx1 is expressed in adult HFSCs, which can generate skin SCC, and Runx1 is important for tumour initiation it follows that it might be expressed in cells of tumour origin. However, epithelial skin tumours can originate in both HF and epidermis (Youssef et al, 2010; Lapouge et al, 2011; White et al, 2011) . Our data so far suggest that tumour cells might hijack the self-renewal/proliferation pathways of normal HFSCs to promote their growth. Since Runx1 expression is confined to the HF in normal skin, it was intriguing to find that all skin tumours in our initiation scheme expressed high levels of Runx1 (Hoi et al, 2010) . It is possible that some, but not all skin epithelial tumours generated in our protocol originated in HFSCs that normally expressed Runx1 and the remaining cells of tumour origin acquired ectopic Runx1 expression near the point of tumour initiation due to inflammation or injury induced by the treatment. We aimed to understand when Runx1 expression is aberrantly acquired in tumours and to what extent Runx1 þ cells contribute to the cells of tumour origin. This would provide the context in which tumours are initiated and promoted.
The strategy was to induce genetic lineage tracing via TM injections in the Runx1-CreER; ROSA26R mice at different stages of tumorigenesis. We injected TM at PD17/18 in Runx1-CreER; ROSA26R mice and initiated the tumours with DMBA at PD21 ( Figure 4A , Bulge scheme). This resulted in an average of 4.45 X-Gal þ cells/bulge in 80% of the HFs and 20% infundibular ( Figure 4B and C, Bulge scheme) but no interfollicular epidermis labelling. After 20 weeks of TPA Runx1 is a master regulator of epithelial tumours CJF Scheitz et al treatment, whole-mount X-Gal staining of the mouse back skin revealed 3/89 positive tumours in the TM-injected animals, as opposed to 0/71 in the oil controls (Supplementary Table S2 ). The positive tumours were completely blue suggesting monoclonal expansion, and expressed Runx1 ( Figure 4D , Bulge scheme; Supplementary Figure  S3A Runx1-CreER driven recombination. Using previously engineered Runx1-LacZ knock-in (KI) mice that report endogenous Runx1 promoter activity and expression (North et al, 1999) we estimate a conservative 50% of all bulge cells as normally being able to express Runx1 (Supplementary Figure  S3B) . These should have been labelled by the Runx1-CreER induction and we can thus infer that a significant fraction (B70% if not more) of the skin tumours in this procedure may arise from Runx1 þ bulge cells. The incidental labelling in 20% of infundibuli make these cells as potential alternative candidates for the origin of at least some of the tumours obtained in our treatment. Tissue injury and inflammation has long been recognized as an oncogenic factor. Intriguingly, we found that injury or short-term TPA treatment induced ectopic Runx1 expression in the hair infundibulum and epidermis just adjacent to the In E and H an asterisk (*) indicate a normal skin area, a hash (#) the wound area. (G, H) Runx1-CreER;Rosa26LacZ mice were subjected to TPA treatment (yellow arrows), followed by TM injection (syringe) to label the infundibulum. Bottom images show X-Gal staining of skin sections from mice after TM injection (G) or after TM injection and injury (H) at times indicated. Note lack of contribution from the infundibulum cells to either normal tissue homeostasis or injury repair.
HF (Figure 4E and F; Supplementary Figure S13C ). Microinjury may be responsible for the 20% infundibular labelling present in our previous experiment. We asked whether the infundibular cells rendered to express Runx1 upon TPA induction or injury are SCs and may contribute to tissue homeostasis, injury repair, or tumour formation. Injection of TM in Runx1-CreER; ROSA26R mice at the onset of the second telogen (PD38-45) following B2.5 weeks of TPA treatment ( Figure 4A , Infundibular scheme) resulted in the selective labelling of the majority of infundibular cells in each HF ( Figure 4B , C, and G, Infundibular scheme) but no labelling in the bulge or the interfollicular epidermis (nB1000). Two weeks after TM injection, we sacrificed mice that had been injured by a penetrating cut and examined skin sections by X-gal staining. We determined that this population contributed neither to HF homeostasis (away from cut) nor to healing of the epidermal wound ( Figure 4G and H). Therefore, we conclude that cells ectopically expressing Runx1 in the infundibulum do not acquire tissue SC properties. We next asked if aberrant expression of Runx1 in these more differentiated HF cells had an oncogenic effect in the experimental conditions of our 2-stage skin carcinogenesis protocol. DMBA treatment 4 days after or 2.5-3 weeks before labelling by TM injection, followed by 20 weeks of TPA to generate tumours did not lead to any fully or partially X-Gal þ papilloma ( Figure 4A and D, Infundibular schemes). These data together with the fact that we had achieved a much greater labelling efficiency in the infundibulum versus the bulge labelling schemes (Figure 4B and C) , suggest that the ectopic Runx1 expression in populations of non-SCs do not render these cells capable of forming tumours. Additionally, the results indicate that Runx1 is essential for tumour formation only in HFSCs but not sufficient outside this niche, even if those more differentiated short-lived cells had been previously initiated with a mutagenic drug.
Absence of Runx1 leads to tumour regression
The data thus far demonstrated that Runx1 is in the cells of tumour origin, that these cells must be HFSC to generate tumours, and that Runx1 is essential in the initiation stage of tumour formation. Moreover, the loss of Runx1-negative tumours in the absence of a proliferative agent ( Figure 2H ) suggested a possible role for Runx1 in tumour maintenance.
To address this question, we attempted to remove Runx1 from tumours after they had formed and monitored their number and size over time. To remove Runx1, we used topical applications and monthly injections of 4-OHT in acetone directly into tumours ( Figure 5A ). One month after the first injection Runx1 was lost in 50% of 29 tumours analysed. We next measured the volume of 72 treated tumours bi-weekly for 26 weeks. We found that B75% of WT tumours (acetone only) increased 940% in size while 80% of 4-OHT injected tumours decreased to 8% of their original size, suggesting that Runx1 loss induced roughly 120-fold shrinkage of the tumour size ( Figure 5B-D) . This is likely an underestimation, as all remaining tumours in Runx1 KO mice at 26 weeks showed Runx1 expression due to incomplete KO (not shown). In conclusion, the removal of Runx1 from developed epithelial skin tumours drastically reduces the size of these tumours.
Runx1 is important for oral tumour formation in LSLKras G12D mice and is expressed by oral epithelial SCs
Next, we aimed to expand our understanding of Runx1 role in SCs and tumours beyond that of skin SCC and HFSCs. Runx1 appeared highly expressed in oral epithelium human SCC lines and primary tumours (Figure 1) . DMBA, which induces the initiating mutation in the two-stage carcinogenesis protocols utilized here, has been shown to target the Ras genes with high frequency (Abel et al, 2009 ) and a considerable fraction of human oral and skin SCCs show mutation in one of the Ras genes (Pierceall et al, 1991; Spencer et al, 1995) . Expression of an activated form of K-Ras (KRas G12D ) initiates squamous tumour formation in the oral and anal epithelium as well as in the skin (Vitale-Cross et al, 2004; Gilad et al, 2010; Lapouge et al, 2011) . To connect our findings with genetic pathways of human SCC, confirming that tumours with activated Ras depend on Runx1 for their formation, and to analyse the role of Runx1 in the oral epithelium tumour formation, we utilized LSL-KRas G12D mice that can be activated by TM induced Cre activity (Jackson et al, 2001 ). We generated K14-CreERT2;LSL-Kras G12D ;Runx1 KO, wildtype, and heterozygous mice and injected TM at PD21 to induce either the Runx1 KO, or K-Ras activation, or both. The Kras G12D mice rapidly developed sublingual and hard palate oral papillomas ( Figure 6A -C) at low TM doses as Runx1 is a master regulator of epithelial tumours CJF Scheitz et al previously reported (Gilad et al, 2010) . Few K14-CreERT2-negative mice developed tumours as well, indicative of low frequency, leaky, non-Cre-dependent K-Ras activation. Oral tumour formation severely impaired the mice's ability to take in food, ultimately leading to premature death of these mice, prior to skin tumour formation. Although we observed oral or anal tumours in all Kras G12D mice, tumour formation and subsequent death were significantly delayed in Runx1 KO mice. Moreover a dosage-dependent effect was apparent in mice with a single intact copy of Runx1 ( Figure 6C ). These data extend our results on the importance of Runx1 from skin to oral and anal epithelial tumorigenesis. Moreover, they underscore the function of Runx1 in a genetic context (Kras G12D ) highly common in human skin and head and neck (oral) and skin SCC, complementing our 2-step skin carcinogenesis data.
Given Runx1 function in oral tumorigenesis, we examined its expression in the oral epithelium using the Runx1-LacZ KI. At PD38 Runx1 expression is in the basal layer of the palate epithelium ( Figure 6D ). This area was previously shown to contain label-retaining cells, which were putative SCs (Bickenbach and Mackenzie, 1984) .
Next, we traced the lineage of oral Runx1 þ cells using mice containing the inducible Runx1-CreER and the tdTomato reporter (Madisen et al, 2010) . Labelling was induced mostly in the basal layer of the hard palate 4 days after TM but not oil injection ( Figure 6E ). At 18.5 weeks after TM injection we detected rare clones consisting of basal layer (un-differentiated) and supra-basal (differentiated) cells ( Figure 6E ). This is the first study showing that indeed a subpopulation of oral basal layer cells differentiate and self-renew for extended periods of time. Oral epithelium SCs express Runx1, making this the third adult tissue SC type with lineage tracing evidence for Runx1 expression, after HFSCs (this work) and HSCs (Samokhvalov et al, 2007) .
Runx1 expression in colon and intestine
Because we observed Runx1 expression in several human cancer cell lines of epithelial origin other than skin and oral, we decided to analyse Runx1 endogenous expression in a third tissue: the colon and intestine. We used the Runx1-LacZ KI mice at PD38 and found X-gal signal, and thus endogenous Runx1, in villus cells but more importantly, at the base of every crypt ( Figure 6F ) where intestinal SCs reside (Barker et al, 2008) . We confirmed this by staining using a Runx1 antibody in wild-type intestinal tissue ( Figure 6G and H) and in Lgr5CreER-IRES-GFP mice. Indeed, some Runx1 expressing crypt cells co-localize with GFP, suggesting they may be SCs ( Figure 6I) . Notably, staining of Runx1 and K8, an epithelial marker, in wild-type mice revealed an overall pattern of Runx1 expression that is similar to HFs: Runx1 is lightly expressed in a few SCs at the base of the crypt (analogous with the hair bulge) and strongly expressed in the activated cells or transit amplifying cells in the upper crypt (analogous with the hair germ). Extremely low labelling efficiency of Runx1-CreER in the intestine and colon with tdTomato, YFP or ROSA26R reporter prevented lineage tracing of these Runx1 þ cells. It is possible that by studying the isoform structure of Runx1 in the intestine and different CreER KI strategy may overcome this limitation. These data suggest that Runx1 may be expressed in the intestine in a subfraction of the LGR5 þ SCs.
Human cancer cells require Runx1 for growth
Thus far we presented evidence that Runx1 is a SC factor for at least two epithelial tissues, and is important for tumour initiation/formation in these tissues. Runx1 is also expressed in several kinds of human epithelial cancer cells ( Figure 1E) and tumours, as shown by Oncomine data ( Figure 1A) . To test the significance of Runx1 in human epithelial cancers, we knocked down its expression in several cancer cell lines and monitored their cell growth and survival.
We used Luciferase shRNA (Luc) as a control and two Runx1 shRNAs. Runx1-1 and Luc expression, but not Runx1-2, can be assessed by detection of GFP (Materials and methods). Both Runx1 shRNAs (but not Luc) knocked down Runx1 levels (Runx1KD), albeit to a different degree, as determined by immuno-fluorescence staining with a Runx1-specific antibody ( Figure 7A and B) . Skin and head and neck (oral) SCC cell lines with Runx1KD failed to grow, confirming an essential role for Runx1 in tumour maintenance as seen in mouse papillomas (Figure 7C and D; Figure 5 ). Ovarian cell lines show a reduction in growth, whereas colon, breast, and prostate cancer cell lines were not affected ( Figure 7D) . Notably, cells react at different degrees to the two Runx1 shRNAs, likely due to variable knockdown efficiencies of the two target sequences. The effects of Runx1KD can be rescued by the overexpression of Runx1 ( Figure 7C ; Wang et al, 2011) .
Since all cancer cell lines expressed Runx1 and their tissues of origin also displayed suggestive Runx1 expression we briefly looked into a possible mechanism for resistance to loss of Runx1. In a recent study in breast cancer Runx1 levels were inversely correlated with FOXO1 expression, compensating for Runx1 loss (Wang et al, 2011) . However, we could not find a correlation between Runx1KD resistance and FOXO1 in any of the cell lines analysed here (Supplementary Figure S4A ). Overall, these results show that loss of Runx1 is detrimental to growth of three human epithelial cancer cell types: head and neck (oral) SCC, skin SCC, and in part to ovarian cancer cells.
Runx1 acts upstream of Stat3 in cancer cell growth and survival
To understand the mechanism by which Runx1 affects cancer cell growth in mice and humans, we considered a possible interaction with Stat3, which appears to play a similar role as Runx1 in regulating the hair cycle, and in tumour formation (Sano et al, 1999 (Sano et al, , 2000 Chan et al, 2004a, b; Osorio et al, 2008; Kim et al, 2009) . The activated form of Stat3-pStat3 T705-is upregulated in skin upon TPA treatment in WT mice (Chan et al, 2004a) . This upregulation appeared more variable and overall reduced in the Runx1 KO skin (Hoi et al, 2010) , and is lost in tumours that form after loss of Runx1 during the tumour promotion stage ( Figure 7E ). Given the essential role of Stat3 in proliferation and survival of human and mouse SCC (Bito et al, 2011; Rho et al, 2011) , this may explain why the Runx1-deficient tumours obtained here in the promotion scheme were short lived and could not be maintained in the absence of TPA ( Figure 2H ). Given the complex role of the microenvironment in regulating Stat3 activation, the manner in which Runx1 interacts with the Stat3 signalling pathway, and the functional relevance of this interaction to Runx1 mechanism of action are unclear. For example, Stat3 downregulation in the Runx1 KO skin treated with TPA could be an indirect effect to reduced inflammation potentially driven by a paracrine function downstream of Runx1, rather than a direct interaction of Runx1 with the Stat3 pathway itself.
To analyse whether Runx1 directly regulates Stat3 activation, we utilized cells removed from the complex skin and 1.E-04
1.E-03
1.E-02
1.E-01 tumour environment and created inducible KO K14-CreER;Runx1 fl/fl keratinocytes (iKO). After 4 days of 4-OHT treatment, Runx1 mRNA and protein level were significantly reduced as shown by western blot and by QRT-PCR ( Figure 7F and G). Moreover, western blots for Stat3, pStat3 T705, and pStat3 S727 revealed a selective and striking de-phosphorylation of T705 upon Runx1 loss ( Figure 7F ). In this form, Stat3 is inactive because it cannot dimerize and translocate to the nucleus (Ihle, 1996) .
To analyse if the disruption of the Jak/Stat pathway is responsible for the growth defect of normal and cancer cell lines with Runx1 deficiency, we attempted to restore Stat3 activity in Runx1KD cells. To this end, keratinocytes and Pam212 cells were either co-transfected with Runx1-1 shRNA and cStat3, the constitutively active form of Stat3 (Bromberg et al, 1999) or treated with Oncostatin M (OSM), a small signalling peptide that activates Stat3 signalling (Ishihara and Hirano, 2002) . In both cases, the Runx1-deficient cell lines were then able to form large colonies ( Figure 7D ), and showed increased levels of T705 pStat3, but not Runx1, relative to untreated cells ( Figure 7H ).
OSM activates Jak and Tyk kinases through its receptors that in return activate the Stat3 and the MAP kinase pathway (Erk1/2) (Ishihara and Hirano, 2002) . To see if the effect of OSM can be attributed to Stat3 or whether Erk phosphorylation plays a role in the rescue of growth defects in our cells, we examined P-Erk1/2 level by western blotting. We fail to see an increased phosphorylation of Erk1/2 in keratinocytes ( Figure 7H ), which suggests that it is the Stat3 activation that rescued the Runx1-deficient growth defect, further supporting the similar effect obtained with the cStat3 (Figure 7C ).
Finally, we employed the human cancer cell lines that previously showed dependence on Runx1 levels, and found that OSM rescues their growth to different degrees ( Figure 7D ), with the most striking effects on skin and head and neck SCC lines and a milder effect on ovarian cancers. Hence, in normal keratinocytes as well as in three epithelial cancer cell types Runx1 loss appears to impair growth by directly preventing Stat3 activation.
Runx1 stimulates the Jak/Stat pathway by repression of SOCS3 and SOCS4 Next, we attempted to understand the mechanism by which Runx1 may stimulate Stat3 signalling. Since our western blots suggested stable Stat3 protein levels upon Runx1 loss, it seemed likely that some members of the Jak/Stat pathway involved in T705 phosphorylation might be Runx1 transcriptional targets. To find such putative targets, we surveyed the status of the Jak/Stat pathway using SA-Biosciences RT2 Profiler PCR array and compared mRNA levels in Runx1-CreER;Runx1 fl/fl and Runx1 fl/fl keratinocytes after 4 days of 4-OHT treatment. A volcano plot showing the fold changes between WT and KO versus the associate P-value for each tested gene revealed three genes significantly upregulated in the iKO cells: Crk, SOCS3, and SOCS4 ( Figure 7I ; raw data in Supplementary Table S3) . Crk is a proto-oncogene thought to stimulate proliferation (Tanaka, 2009) , and as such its upregulation cannot explain proliferation defects but is likely an attempt to compensate for Runx1 loss. On the other hand, SOCS3 and SOCS4 suppress Stat3 T705 phosphorylation via interference with Jak2 and EGFR kinase activity, respectively (Larsen and Ropke, 2002; Segatto et al, 2011) .
To test if Runx1 directly binds to the SOCS3 and SOCS4 promoters to represses their transcription, we employed two independent K14-CreERT2;Runx1 fl/fl keratinocyte lines and performed chromatin immunoprecipitation (ChIP) using Runx1-specific antibodies in KO and WT (Runx1 fl/fl ) cells. We followed with QRT-PCR using primers encompassing SOCS3 and SOCS4 genomic regions containing Runx1 binding sites ( Figure 7J ). Our data showed enrichment from one primer pair in each of the SOCS4 and SOCS3 gene loci (P ¼ 0.04 and 0.07, respectively). We used a region of the Gapdh promoter free of conserved Runx1-binding sites as a negative control ( Figure 7K ). Binding of Runx1 on the SOCS3 gene promoter, although here showed a P-value slightly lower than the conventional 0.05, was also reported by ChIP Seq data on a blood cell line (Wilson et al, 2010) . Thus, we suggest that Runx1 represses SOCS3 and SOCS4 expression, likely via direct binding to their promoters, and ultimately upregulates Stat3 activity by enhancing phosphorylation at T705.
If Runx1 loss induced defects were mediated through SOCS3 and/or SOCS4, as indicated by the QRT-PCR and ChIP experiments described above, then simultaneous knockdown of SOCS3 or 4 and Runx1 should rescue the cell growth defect. This could be measured by the presence of GFP þ cells, which indicate Runx1 deficiency (Materials and methods). As expected, cells transfected with control Luc shRNA but not those transfected with Runx1-1 shRNA and the empty plasmid backbone (pLKO1) did not show a population of GFP þ keratinocytes or Pam212 cells after puromycin selection. In contrast, addition of either SOCS shRNA instead of the empty plasmid backbone rescued the GFP þ (Runx1-deficient) population, in which cells with high SOCS were able to grow without Runx1 ( Figure 7L; Supplementary Figure S4B ). Knockdown of SOCS3 or 4 alone did not affect cell growth as expected from low or absent SOC3/4 expression in WT cells and as shown in Supplementary Figure S4C and through equal amounts of GFP À cells in Luc þ backbone or Runx1 þ SOCS shRNA-transfected cells. These data together suggested that Runx1 is a direct transcriptional repressor of SOCS4 and potentially SOCS3, which results in activation of Stat3 and thus allows growth of normal and cancer cells (Figure 8 ). In conclusion, Runx1 repression is accompanied by activation of SOCS genes, inhibition of Stat3 activity, and growth impairment of some epithelial cancer cells. Runx1 is a master regulator of epithelial tumours CJF Scheitz et al
Discussion
Here we uncover Runx1, as a broader epithelial tissue SC and tumour factor than previously recognized. We not only confirmed its expression in adult mouse HFSCs by direct lineage tracing, but also we implicate Runx1 in previously uncharacterized oral epithelium SCs. We showed that mouse oral epithelium tumours, like their skin counterparts (Hoi et al, 2010 , and this work), also appear dependent on Runx1 for their growth. We find that increased proliferation due to ectopic injury-induced expression of Runx1 in skin non-SCs does not render those cells tumorigenic, while Runx1-expressing SCs are at the tumour origin. We implicate Runx1 as a key molecule upstream of a central epithelial cancer pathway, Stat3 (Li et al, 2011) , which Runx1 activates by direct transcriptional repression of SOC3/4. We documented for the first time the expression of Runx1 in primary skin and oral human epithelium SCC and suggest that several more human epithelial cancers may express Runx1. We demonstrate that three different human cancer cell types (skin SCC, oral SCC, and ovarian) depend upon Runx1 for their normal growth. We find Runx1 important for both skin tumour initiation and maintenance, while we previously showed that Runx1 was not essential for adult tissue maintenance (Osorio et al, 2008) . This differential requirement for Runx1 places it as a promising target for skin, and potential other epithelial cancers. Runx1 has been intensively studied for the past 4 decades as a cancer gene frequently mutated in acute myeloid leukaemia, which when studied in mice turned out to work as a master regulator of haematopoiesis (Mangan and Speck, 2011) . Taking the opposite direction-from mouse to human-we first demonstrated that Runx1 is important for the timely emergence and maturation of HFSCs in embryogenesis (Osorio et al, 2011) and the activation and proliferation of adult HFSCs (Osorio et al, 2008) . Moreover, Runx1 appears essential in mice for skin squamous epithelial tumour formation (Hoi et al, 2010) . Importantly, with this work we now take Runx1 back to humans where we analysed the role of Runx1 in several epithelial cancers.
Runx1 surfaced among the top 10% highly expressed genes in 1/3 of all 138 applicable microarrays studies of human cancers found by us in the Oncomine database. These included the skin SCC and BCC, oral SCC, breast, oesophageal, lung, colon, and pancreatic cancer among others. We detected Runx1 expression by immunofluorescence staining of several kinds of skin human primary tumours as well as in oral epithelium SCCs. Moreover, we found Runx1 overexpressed in a whole panel of established human cancer cell lines. Importantly, Runx1 appears to be required for growth of skin and head and neck (oral) SCC, and to some extent ovary cancer cells, suggesting Runx1 as a novel putative target for treating these cancers. In contrast, although Runx1 was expressed at high levels it was dispensable for growth of breast, prostate, and colon cancers. In light of a recent study of breast cancer, these cells may have learnt to live without Runx1 by upregulating compensatory pathways (Wang et al, 2011) . However, it appears that FOXO1, shown to compensate for Runx1 loss in MCF10A-5E breast cancer cells, is not upregulated in the cells we analysed here. This information will be important for future treatment of some cancer types in which a combination drug therapy against Runx1 and compensatory pathways may be required.
An attractive clue positioning Runx1 as a promising therapeutic target is our demonstration that loss of Runx1 shrinks tumours in mice and impairs human and mouse tumour cell growth in vitro. This potential adds an important angle to the role of Runx1 in tumour initiation, which could be exploited for tumour treatment and prevention, respectively. Runx1 loss is not essential for normal skin and oral epithelium homeostasis, and deletion of Runx1 in adult mice via a ubiquitous b-Actin-CreER allele or Mx1-Cre had mild effects on the mouse physiology (Appleford and Woollard, 2009; Hoi et al, 2010; and our unpublished data) . The tolerance of the tissue to Runx1 loss in HFSCs is probably due to the unique protective niche environment, which is disrupted in cell culture and in tumours. Disrupting Runx1 binding to the DNA via specific drugs is already considered as a potentially beneficial approach to treating leukaemia (Mangan and Speck, 2011) . A more targeted approach for local treatment of accessible skin or head and neck tumours would be even less invasive.
How is Runx1 working in regulating tumour formation and maintenance? One possibility is that Runx1 is expressed in the cell of tumour origin and remains expressed in some of the progeny cells subsequently generated. At least in the skin, HFSCs are known to be at the origin of some SCC (Youssef et al, 2010; Lapouge et al, 2011; White et al, 2011) . Previously, we reported Runx1 expressed in a fraction of cells in bulge and hair germ cells, the regions of the HF where SCs are known to reside. However, it is unclear whether all cells in these regions are SCs. Even though loss of Runx1 impairs proliferation of HFSCs it was possible that Runx1 modulates the SC environment from neighbouring cells. For example, Runx1 is able to regulate production of several secreted Wnt molecules during embryogenesis (Osorio et al, 2011) . Our lineage tracing work directly demonstrates here for the first time that adult Runx1-expressing cells are long-lived, selfrenewing and differentiating HFSCs, which are at the tumour origin. Moreover, Runx1 also appears to be a marker for oral epithelium SCs. Our data suggest some overlap of Runx1 and LGR5 expression, and LGR5 is a well-recognized intestinal SC marker. Further substantiation by lineage tracing is needed for the intestine since the existing Runx1-CreER is extremely inefficient in this organ.
Using skin as a model system we demonstrate that Runx1-expressing HFSC is at the origin of tumours, and these tumours were likely monoclonal. It is recognized that epidermal cells may form skin SCC (Lapouge et al, 2011) , and even though Runx1 is not expressed in the epidermis in normal conditions it appears that in our experimental conditions all mouse tumours expressed Runx1. We therefore hypothesized that a population of epidermal cells rendered by inflammation or injury caused by the carcinogenic treatment to ectopically express Runx1 might also generate tumours. However, we found this population located in the infundibulum of the HF to be short-lived progenitors that did not contribute to long-term homeostasis and injury repair. Moreover, this population was unable to generate tumours in our experimental conditions, even in the context of an initiating mutation induced by drug treatment. This underscores the crucial importance of the intrinsic epigenetic context or cellular make-up to initiation of carcinogenesis and adds to the theory that SCs, and not differentiated cells, are the most likely initiators of cancer (Magee et al, 2012) .
